We report on specific fluctuations in phase and amplitude of VLF signals that correlate both spatially and temporally with the passage of the tsunamis recorded by the Deep-ocean Assessments and Reporting of Tsunamis bottom pressure stations. Measurements from the VLF/LF receiver sited in Petropavlovsk-Kamchatsky and sensor buoys placed throughout the Pacific Ocean at great distances (Hawaii and Japan) from the epicenter are consistent with the hypothesis that the ocean tsunami following the Chile earthquake on 27 February 2010 radiated internal gravity waves which propagated through the lower ionosphere.
Introduction
In the last decade the ionospheric response caused by the passage of tsunami has been firmly established. Such a connection was proposed in the 1970s [Hines, 1972; Najita et al., 1974; Peltier and Hines, 1976] as the basis for the early detection of tsunami. Numerical modeling demonstrated that the ionospheric signature of an ocean tsunami can potentially be detected in the upper ionosphere as traveling ionospheric disturbances (TIDs) produced by internal gravity waves propagating through the atmosphere [e.g., Occhipinti et al., 2006 Occhipinti et al., , 2008 Hickey et al., 2009; Mai and Kiang, 2009] . Evidence for tsunami-driven TIDs has been observed in measurements of the ionospheric total electron content (TEC) using ground-based GPS radio signals [e.g., Artru et al., 2005; Rolland et al., 2010] and satellite-based altimeter radar [Occhipinti et al., 2006] .
These observations were attributed to the response of the upper ionosphere (F region) to the arrival of internal gravity waves initiated by the passage of a tsunami. The possibility of a new ground-based technique (over-the-horizon radars), for tsunami detection through ionospheric monitoring (E region), has been suggested and simulated [Coïsson et al., 2011] . Recently, the response of the lower ionosphere has been experimentally investigated by Rozhnoi et al. [2012] based on measurements of the propagation of subionospheric VLF following the Kuril 2006 and Tohoku 2011 earthquakes. These authors reported perturbations both in the phase and in amplitude of VLF signal that began about 1.5 h after the earthquakes occurred and continued while the tsunamis propagated within the sensitivity zone of the propagation path between the transmitter and receiver. A qualitative interpretation of the observed effects has been suggested in terms of the interaction of internal gravity waves with lower ionosphere.
In the present study we use phase and amplitude observations of subionospheric VLF signals to analyze the response of the lower ionosphere following the tsunamigenic Chilean 2010 earthquake from 26 to 32 h after the earthquake when the corresponding tsunami reached the sensitivity zone between the transmitter and receiver.
Results of Analysis
The analysis reported in this paper is based on the data recorded by the VLF ground-based station in Petropavlovsk-Kamchatsky (PTK), Russia. The receiver simultaneously measures the amplitude and phase of signals from the transmitters located in Japan (JJY and JJI), Australia (NWC), and Hawaiian Islands (NPM) with a time resolution of 20 s. For the analysis of the VLF signal variations observed after the earthquake the subionospheric path Hawaii-Petropavlovsk-Kamchatsky (NPM-PTK) was used because it extends along the propagation direction of the tsunami. The other propagation paths were used as the control group. These measurements are compared with those from the Deep-ocean Assessments and Reporting of Tsunamis (DARTs) bottom pressure stations operated by the United States National Oceanic and Atmospheric Administration (NOAA). DART buoys record seafloor pressure with sampling 15 s; then data are averaged over 15 min interval and transmitted every hour via satellite to the U.S. National Data Buoy Center which manages and conducts all operational network activities and distributes real-time data to the public. In case of a tsunami event, buoys begin to transmit the 15 s data directly during several minutes before the buoy switches to 1 min averages until the end of the event mode. The 15 s data are stored in the instrument package and downloaded following instrument retrieval [Mungov et al., 2013] . In present study we use these retrieved 15 s data. Figure 1 shows the position the NPM-PTK path together with the location of the DART stations in the northern Pacific region. Data recorded by DART sensors 51407 and 21416 were used in the analysis because they are located at each end of the VLF propagation path under consideration. The ellipse shows the sensitivity zone which corresponds to the fifth Fresnel zone.
A strong earthquake with magnitude M w = 8.8 occurred on 27 February 2010, at 06:34 UT near the Central Chilean coast. The epicenter of the main shock, as recorded by the U.S. Geological Survey, was located at 35.846°S and 72.719°W with a focal depth of 35 km. This earthquake caused a destructive tsunami that resulted in severe damage along the coast of Chile and presented a serious threat to all Pacific Ocean coastal regions including the far eastern coast of Russia. This tsunami was recorded throughout the Pacific Ocean (http://wcatwc.arh.noaa.gov/previous.events/?p=Chile_02-27-10). The tsunami propagation time from its source to the Hawaiian Islands was about 14 h, and then, 7 h later it reached the coast of Russia. The tsunami produced a long-lasting ocean surface perturbation which is typical for strong transoceanic tsunamis. Studies of tsunami decay are performed in many publications [e.g., Van Dorn, 1984 , 1987 Rabinovich et al., 2011] based on coastal measurements. The development of DART stations distributed throughout the entire Pacific Ocean enables to obtain more precise information on decay times. Open ocean energy decay of the 2009 Samoa, 2010 Chile, and 2011 Tohoku tsunamis in time and space was investigated by Rabinovich et al. [2013] based on large number of DART stations in the Pacific Ocean. The mean decay time for the Chile tsunami for the 23 DART records was found to be 24.7 h. Detailed analysis of the Sumatra tsunami and numerical modeling of tsunami propagation in an ocean was produced by Levin and Nosov [2009] . Numerical modeling supported by observational data shows that two main factors influence on tsunami propagation. It is the geometry of the source in the nearfield zone, and it is the topography of the ocean floor in the far-field zone. In the far zones the maximum of tsunami amplitude can be observed with delay from several to 24 h after arrival of the lead wave due to reflections from coasts and underwater obstacles and propagation along natural waveguide-underwater ridges. Figure 2 shows the oscillations of the sea level recorded by DART sensor buoy 51407 located near Hawaii during 27-28 February. Two large disturbances can clearly be seen that occur at 21 UT on 27 February and 13 UT on 28 February. Both events are characterized by dominant low-frequency oscillations of the surface height. These two waves can also be clearly seen in the spectral-time diagrams (reconstructed following the methods by Dziewonski et al. [1969] and Lander et al. [1973] ) of the sea level oscillations recorded by DART 51407 shown in Figure 3 . The first wave exhibits intense spectral components in the range of 20-50 min followed by gradual decay away during 7-9 h. The periods of the second tsunami-like wave are in the range of 30-50 min. It is clearly seen that intense sea level oscillations lasted at this station until the end of the day. The strongest oscillations, caused by the first tsunami arrival, were detected at about 3 UT. However, rather strong oscillations with alternating intensity occurring in the frequency range of 20-50 min can be noticeable up to the end of the interval 9-11 UT. Figure 5 shows the phase and amplitude perturbations of the VLF signal (21.4 kHz) recorded along the NPM-PTK subionospheric path from the transmitter located in Hawaii on 27-28 February 2010 (blue line) together with the monthly averaged signal (red dotted line) that was calculated using data from undisturbed days. The VLF signal exhibits a diurnal effect with strong changes occurring during the periods of sunset and sunrise when the altitude of the lower ionosphere changes abruptly. The VLF signal reflects from the ionosphere in the night at the altitudes~90 km and in the day at the altitudes~70 km. The characteristics of the daytime lower ionosphere are determined primarily by solar activity. Therefore, the VLF signal is rather stable during the day period and unaffected by any other external factors (for example, even by magnetic storms [Rozhnoi et al., 2006] ). Therefore, nighttime observations provide the optimal conditions for the detection of ionospheric disturbances by the VLF signals. The green bar in Figure 5 marks the nighttime period at both sites (Hawaii and Petropavlovsk-Kamchatsky) and indicates the period of data that has been used in the subsequent analysis. Figure 5 mark the occurrence time of the earthquake on 27 February 2010 and the subsequent arrival time of the tsunami at the DART buoys near the NPM-PTK subionospheric VLF path. The first or main tsunami was recorded by the buoy 51407 near Hawaii on 27 February 2010 at about 21 UT. This time corresponds to local daytime conditions so that any disturbance of the NPM-PTK VLF signal was not expected. This tsunami appeared at DART 21416 near Kamchatka on 28 February 2010 at around 3 UT, which also occurred during local daytime conditions. However, the second tsunami-like wave was recorded by DART 51407 on 28 February 2010 at around 13 UT during the local nighttime for the NPM-PTK subionospheric path.
The NPM-PTK signal recorded during the local nighttime period on 28 February shows noticeable decrease in amplitude (about 15 dB) together with phase variations (up to 40°) relative to the background (the monthly averaged signal) around the time when the second tsunami-like wave arrived at DART 51407 ( Figure 5 ). This result strongly contrasted with those signals propagating along the other paths passing far away from Hawaii (JJY-PTK, JJI-PTK, and NWC-PTK) whose amplitude and phase do not deviate from monthly averaged signal ( Figure 6 ). It should be noted that geomagnetic conditions on this day were extremely quiet (Kp~0.7, Dst~0-10 nT), and data from the geostationary satellite GOES showed no increase in the relativistic electron fluxes or proton bursts. Though the largest perturbation in phase and amplitude began at around 12 UT (see Figure 5 ), the smaller amplitude and phase perturbations were observed from the beginning of the local nighttime period. These nighttime signals are shown in greater temporal detail in Figure 7 . The panels show the complete waveform (top), the waveform filtered in the range 0.3-15 mHz (which correspond to periods from about 1 min to 60 min) (middle), and the wavelet spectrogram of the filtered signal (bottom) for the amplitude (left) and phase (right) of the VLF signal propagating along the NPM-PTK path during local nighttime conditions. It can be seen from Figure 7 that the frequency of the maximum spectral amplitude is in the range of 0.5-2 mHz (i.e., periods of 10-50 min) which corresponds to the range of periods for internal gravity waves. These periods are also in agreement with the periods observed in data recorded by DART sensor buoys (see Figures 3 and 4) . We suppose that the gravity waves interact with lower ionosphere during 9-11 UT when the first tsunami wave near Kamchatka is still active (see Figure 4 ). After that, approximately 1 h interval without perturbations follows which ends up at 12 UT and then perturbations develop again up to their maximum at 13 UT. This moment corresponds to the arrival of the reflected tsunami wave at Hawaiian Islands. We can suppose that observed perturbations in the VLF signal around 12 UT start to develop due to the reflected tsunami wave moving southeastward from Japan and passing through the VLF zone of sensitivity before arriving at the DART 51407 station around 13 UT.
Discussion and Conclusion
Our experimental results show that the upper boundary of the VLF waveguide has been perturbed most likely by tsunami-driven gravity waves that propagate through the lower ionosphere. In order to give a more qualitative interpretation, we develop a first-order analytical formulation of the problem following a simplified approach based on certain limiting assumptions. An example and details of such an approach has been demonstrated in our previous paper [Rozhnoi et al., 2012] . Here we only stress main points of the approach.
We have used two assumptions to simplify the analysis. The first one includes consideration of the "ground," consisting of sea water, as a perfect conductor, when the propagation of signals in the frequency range 10-25 kHz over a long all-sea path is analyzed. Our second assumption relates with a consideration of the lower ionosphere as a medium with either a sharp boundary or an exponential profile [Wait, 1959; Wait and Spies, 1964] . Assuming in addition that the ionospheric region perturbed by a tsunami-driven gravity wave is Journal of Geophysical Research: Space Physics 10.1002/2014JA019766 distant (at least~200-500 km) from the receiver, we may reduce the analysis to a single (or a limited number of) mode(s) that would dominate the signal at the receiver [Inan and Carpenter, 1987] . In this case the phase change Δϕ resulting from a localized (within the horizontal scale d), differential reduction in the ionospheric reflection height Δh for a single mode analysis can be expressed as [see Inan and Carpenter, 1987] Δϕ dΔh ≅ À 6:4Á10 À3 grad=km 2
where an estimation of both d and Δh can be obtained from a model of interaction of tsunami-driven gravity waves with ionosphere.
In the model developed by Rozhnoi et al. [2012] , a gravity wave, propagating through the nonisothermal atmosphere (that includes wind and molecular diffusion of heat and momentum), can dissipate at altitude of about 100 km, giving rise to an enhancement of the neutral temperature [Pertsev and Shalimov, 1996] . This results in a subsequent decrease in the temperature gradient with height and an increase in the turbulent diffusion coefficient which increases the vertical transport of NO molecules from the region of their active formation (100-120 km). This is accompanied by a subsequent increase in the electron concentration in the lower ionosphere through a chain of chemical reactions [see, for example, Brasseur and Solomon, 1984] . The increase in the electron density can cause localized ionospheric perturbations along the signal path leading to amplitude and phase variations. Now taking the characteristic vertical scale of NO redistribution to be comparable with the height scale H, and the horizontal scale is an order of a gravity wave wavelength λ w , that is d~λ w , Δh~H , we choose λ w~3 00 km,H~5 km as representative values and obtain from the last expression an estimation for the phase anomaly of Δϕ~10°. This result is of the order of measured in our experiment.
Finally, we note that the ionospheric perturbation may represent actually a wave train rather than a single wave in which case a real horizontal scale of the perturbation in the ionosphere can be larger than one wavelength (see observations of tsunami-driven gravity waves propagating in the airglow layer after the Tohoku earthquake [Makela et al., 2011] ). If it is a few times larger, say, 3-5 wavelengths, this brings our phase anomaly estimation to agreement with our observations. Some peculiarities of the observed effect that distinguish it from the previous one [Rozhnoi et al., 2012] should be mentioned here. In contrast to the previous examples (in analysis of Kuril 2006 and Tohoku 2011 tsunamis), the first or main tsunami in the current investigation propagated along the NPM-PTK path during local day so that we cannot observe the response of the lower ionosphere to the first tsunami using our VLF technique. However, the ionospheric effect produced by this tsunami was observed in the upper ionosphere using TEC detection by GPS satellites [Galvan et al., 2011] .
The new point discussed in the present paper is that we observed a second tsunami and its ionospheric effects which have been missed in the previous observations in the upper ionosphere. The second wave was not caught by any numerical modeling either. Nevertheless, we confirmed the presence of the second tsunami by both our DARTs measurements and ionospheric measurements.
In conclusion, we have found observational evidence of variations in VLF signal measurements that are associated with the Chile tsunamis of 27 February 2010. Ionospheric effects displayed in the phase and amplitude perturbations of VLF signal appear to be caused by the tsunami-driven internal gravity waves. These gravity wave patterns revealed in spectral characteristics of the ionospheric disturbances within the VLF path sensitivity zone between Hawaii and Japan correlate in time, space, and wave properties with tsunamis recorded by DARTs in the same region after the Chile event.
